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Abstract

We evaluate in detail the properties of nuclear gamma-ray emission in the
4 to 8 MeV range. This emission consists of broad (AE/E ~ 20%) and narrow
(AE/E ~ 1%) lines wesulting from nuclear reactions of energetic H, He, C
and O nuclei with ambient matter. From the comparison of the calculations
with observations of the 1972, August 4 flare we conclude: 1) that essen-
tially all the observed radiation in the 4 to 8 MeV region is due to the
superposition of broad and narrow lines of nuclear origin with almost
no contribution from other mechanisms; 2) that the accelerated particles in
the energy region from about 10 to 100 MeV/amu have a relatively flat
energy spectrum (for a power law, E—S, s52.5); 3) that the calculated
gamma-ray spectrum obtained from an isotropic distribution of accelerated
particles fits the observed spectrum better than the spectrum derived from
an anisotropic distribution for which the particles' velocity vectors point
towards the photosphere; and 4) that it is possible to set a stringent
upper limit on the ratio of relativistic electrons to protons in flares,
consistent with the small, but finite, electron-to-proton ratio in galactié

cosmic rays.




I. Introduction

The solar gamma-ray spectrum from about 4 to § MeV consists of
strong nuclear lines superimposed on continuum emission which could
arise both from nuclear interactions and bremsstrahlung of energetic
electrons. These nuclear reactions are almost exclusively due to
interactions between hydrogen, helium, carbon, nitrogen and oxygen
nuclei. Reactions due to energetic protons or alpha particles produce
narrow lines with full widths at half maximum (FWHM) less than 150 keV;
reactions caused by energetic C, N and O nuclei give rise to broad
lines which in most cases cannot be distinguished from the continuum,

Line emission at 0.5i, 2.2, 4.4 and 6.2 MeV and continuum emission
extending up to about 7 MeV associated with the large solar flare of
1972, August 4 were reported by Chupp et al. (1973, 1975). These lines
are due to positron annihilation, neutron capture by protons, and
deexcitation of excited states in C and O (e.g. Ramaty, Kozlovsky and
Lingenfelter, 1975)., Electron bremmstrahlung could account for z significant
fraction of the continuum, at least up to energies of several MeV (Suri
et al. 1975; Bai and Ramaty 1976).

The production of gamma rays in solar flares has previously been
studied by several authors (e.g. Lingenfelter and Ramaty 1967, Ramaty,
" Kozlovsky and Lingenfelter 1975, Crannell et al. 1976). Even though
these papers provided detailed studies of the 0.51 and 2,2 MeV lines,
they limited their treztments to only the gross features of gamma-ray
production in the 4 to 8 MeV range. In particulér, the shapes of the
gamma~tray lines and the origin of the continuum in this energy band have not
been investigated in detail; Ramaty and Crannell (1976) havebprovided

a preliminary study of the shape of the 6.13-MeV line of 160 and showed that
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the mean energy of this line depends on the angular distribution of the
primary energetic charged particles. They have limited their treatment,
however, to the narrow line component only, whereas, as we shall show in the
present paper, very important energy shifts do take place also in the broad
components.,

The purpose of the present paper is to provide a detailed treatment of
nuclear gamma-ray production in the 4 to 8 MeV region. This energy band
is of particular interest because it contains essentially all the lines of
the abundant nuclear radiators, C and O, and conversely, it is not signifi-
cantly populated by photons from other nuclei. Furthermore, as we shall
show, the entire observed radiation in the 4 to 8 MeV range could be due
to the superposition of broad and narrow lines from C and O with essentially
no contribution from other radiation processes. This result allows us to
carry out, for the first time, a detailed comparison between theoretical
and astronomical gamma-ray line spectra.

In section II we examine in detail the nuclear cross sections. We find

that the extant literature contains sufficient data to present a self-

consistent picture for the reactions leading to gamma-ray production in

the 4 to 8 MeV energy band. However, several key questions remain to be
resolved. In particular, future experimental work, using existing laboratory
accelerators and high resolution gamma-ray detectors should be able to resolve

all the major lines in this energy band, and to provide information on the

cross sections of several lines which have not been measured in past experi-
ments using low resolution instruments. In Section III we use the nuclear

cross sections to calculate the production of gamma rays, and we investigate

the dependence of the shape of the gamma-ray liﬁes on the energy spectrum and

: angular distribution of the ptimary accelerated charged particles. We use
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detailed relativistic kinematics, and we take into account, whenever
available, data on the angular distribution of the recoiling secondary
particles. 1In Section IV we compare the results of our calculations
with the observational data; in particular we present a direct comparison
between the observed pulse-height spectrum and the calculated gamma-ray
spectra folded through the response function of the University of New
Hampshire gamma-ray detector flown on 0S0-7. We apply the results of

our calculations to solar flares, because until now no gamma-ray lines
were convincingly observed from other astronomical sources. However,
our results and techniques are relevant to future gamma-ray line observa-
tions from outside the solar system as well. We summarize our results

in Section V.



II, Nuclear Cross Sections

The principal gamma-ray lines in the energy range from 4 to B MeV,
their emission mechanisms and production modes are summarized in Table 1,

Line emission at 4.44 MeV is produced by the deexcitation of the
first excited state of 12C at 4.439 MeV and of the second excited state of
11 at 4.444 MeV. Because of the recoil of the nuclei emitting gamma rays,
the energies of the photons are 4.438 and 4.443 MeV respectively, The

12C*4'439 MeV has been measured

cross section for the reaction 12C(p,p’)
by Reich et al., (1956) between 5 and 5.7 MeV, by Barnard et al., (1966)

between 6 and 11.5 MeV, by Conzett (1957) between 10 and 12 MeV, by

Daehnick and Sherr (1264) between 14 and 19 MeV, by Dickens et al. (1963)
between 18 and 30 MeV, by Stovall and Hintz (1964) at 40 MeV, by Fannon

et al, (1967) at 49.5 MeV, by Horowitz and Bell (1970) at 100 MeV, by

Emmerson et al, (1966) at 145 MeV, and by Tyren and Maris (1957) at

185 MeV. This cross section is shown by the solid line in Figure 1. We

have used the average cross section at the resonances near the maximum

at 10 MeV. However, we have not averaged the cross section at the resonance

at 5,35 MeV since it may have some effect on the calculations for very steep
particle spectra. The data points represented by the closed circles and

square are based on measurements of gamma rays at 4.44 MeV resulting from

the bombardment of C with protons (Zobel et al. 1968, Alard et al. 1974);

The closed circle points were deduced by using the differential cross

section at 135° given by Zobel et al. (1968) and their data on the angular
distributions of gamma rays produced in proton bombardment of C. The data point
. of Alard et al. (1974) is already given in integral form. As can be seen,

the gamma—réy data is consistent with the (p,p’) data represented by the
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solid line up to ~ 20 MeV. The discrepancy at higher energies is most likely
due to the excitation of the 4.444 MeV level of 11B by the reaction
12C(p,2p)11B which has an energy threshold of 22,1 MeV, This discrepancy
cannot be due to the excitation of higher levels of 120 which cascade to

the 4,439 level because all the levels of 12C above this level decay almost
exclusively by particle emission (Ajzenberg-Selove and Lauritsen 1968).

Since the kinematical widths of both 4,438 MeV and 4.443 MeV lines are

~ 50 keV, it is impossible to distinguish hetween these two lines. Therefore,
in our calculations for the production of the 4.44 MeV line above

20 MeV we use the cross sections given by the dashed line in Figure 2.

Up to about 100 MeV these cross sections are higher by approximately

25% than those used by Ramaty et al. (1975) who took into account only the
(p,p’) data, but they are lower than the cross sections given by Meneguzzi
and Reeves (1975), because these authors assumed complete isotropy

for the gamma-ray data of Zobel et al. (1968).

2 k4,
The cross sections for the reaction lzc(q,q’ )12(; 4044 MeV

are given

by the dashed-dotted line in Figure 1. The measurements of these cross
sections were summarized in Ramaty et al. (1975). The‘bpen circle represents
a measurement by Zobel et al, (1968) for 4.44-MeV gamma xay production

in ¢~C interactions. As in the case of proton induced interactions, we
interpret the difference between the gamma-ray data and the (asa ) aata

as due to the contribution of l;Bo In our calculations, we use the
dashed-dotted line up to 5 MeV/amu and the dashed-crossed line at

higher energies.

The 4,439 MeV level in lZC and the 4.444-MeV level in llB can also

be populated by spallation reactions on 160,‘as‘indicated in Table 1.



N P e

-7~
The cross sections for these reactions were taken from Zobel et al. (1968)
and Alard et al. (1974), and are shown by the solid lines in Figure 2. For
the (v,2w) reaction we have only one experimental point at 13 MeV/nucleon.
Our estimate of the cross section curve for this reaction is based on the
expected behavior of the cross section near the threshold and an arbitrary
extrapolation to higher energies where the contribution of this reaction
is negligible in comparison with the proton induced reaction. Spallation
reactions on 14N can also lead to 4.44-MeV gamma-ray production. Using the
measurements of Macleod anleeid (1966) at 13 MeV and those of Clegg et al.
(1961) at 120 MeV, we estimate that the 4,44-MeV gamma-ray cross section
from 14N is larger than that from 160 by about a factor of 2. With
solar abundances, N/O ~ 0.18, the 4.,44-MeV yield from 14N is about 307
of the yield from 1600

Nuclear excitation of 160 can produce several gamma-ray lines. The
first excited state of 160 at 6,05 MeV decays by et - e~ pair emission.
The second, third and fourth excited states at 6,131, 6.919 and 7.119 MeV
decay almost exclusively to the ground state producing gamma rays at
6,129, 6,917 and 7.117 MeV, respectively. The fifth excited state at
8.872 MeV decays 75% of the time to 6.131 MeV level and hence produces
lines at 2,741 MeV and 6,129 MeV. Other transitions between the states
of 16O are also possible (Dé Meijer, Plendl and Holub 1974). 1In
particular, excited levels at 10.94 and 11.07-MeV cascade to the ground
state via the excited states at 6.131, 6.919 And 7.119 MeV with branching
ratios given by Ajzenberg-Selove and Lauritsen (1968).

1£ )
Gamma-ray lines from ~~ O can also be produced by spallation reactions,

The reaction 160(p,2p)15N and 16O(p,pn)lso can‘populate excited states in
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15 15 , 15
N and "0, The strongest lines from ~~N are at 6.322, 5,270 and 5.298 MeV
and from 150 at 5.180, 5.241 and 6.176 MeV.
The cross section for producing gamma rays at 6.129 MeV frem proton
interaction with 16O is shown in Figure 3 by the solid line., This
cross section is sum of the cross sections of the reaction 160(p,p’)

* v
160 6.131 and 75% of the cross section for the reaction 16O(p,p’) 160*8°872

*
and about 50% of the cross section of the reaction 16O(p,p') 16O 11.07
cross sections were measured by Dangle et al. (1964) between 7 and 10.5 MeV,

by Kobayashi (1960) between 11 and 15 MeV, by Daehnick (1964) between 15

and 19 MeV, by Hornyak and Sherr (1955) at 19 MeV, by Crawley and Garvey (1967)

at 17.5 MeV, by Austin et al, (1971) between 17 and 45 MeV, and by
Sundberg and Tibell (1969) at 185 MeV. Since the contributions of
cascades from higher levels to the 6,131-MeV level was neglected by
Lingenfelter and Ramaty (1967) and Ramaty, Kozlovsky and Lingenfelter
(1975), the cross sections for 6,129-MeV line emission used by these
authors were somewhat lower {~ 30-50% between 10 and 50 MeV) than those
used in the present calculation,

There are no measurements of 6,129-MeV liné emission from spallation

. 2 . \
reactions on ONe. If we assume that the cross section for the reaction

* *
2 16O 6.129 12Ck4a439‘

ONe(p,pa) is similar to that of the reaétian,l60(p,pa)
then, with solar abundances, the contribution of 2ONe to 6.129-MeV emission
is less than about 10% of the contribution of 1605

The data points showvm in Figure 3 are b&sed on the measurements of
Zobel et al. (1968), Foley et al. (1962), and Alard et al. (1974). 1Imn
these measurements the cross sections were determined by measuring gamma

ravs at about 6.2 MeV, Because of the poor energy resolution of the

detectors used, these gamma rays include the lines at 6.129 MeV from

. These
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160, at 6,176 from 150 and 6,322 MeV from 15N. The difference between

the dashed and solid lines in Figure 3 gives the sum of the cross sections

for the production of the 6,176 and 6,322 MeV lines, This cross section

is shown by the dashed-dotted line in Figure 2, There is only one

direct high-resolution measurement of gamma rays from 160 which can

resolve the 6,129, 6,176 and 6.322-MeV lines (Goryachev et al. 1973).

According to this measurement the 6.,322-MeV line is stronger by about

a factor of 2 than the line at 6,176 MeV, Assuming that this ratio holds

also at lower energies, we take the cross sections for the production of

the 6.322-MeV and the 6.176-MeV lines as 2/3 and 1/3, respectively, of the

dashed-dotted curve in Figure 2. The sum of the cross sections for the reac-

tions 160(p,pn)150* and 160(p,2p)15N* leading to ~ 5.2-MeV photons

is shown by the dashed line in Figure 2 based on data by Zobel et al. (1968).
Most of the experimental measurements of the cross sections for the

excitation of the 6,919 and 7.119 MeV levels in 16O by (p,p’) reactions do

not resolve these two levels, Therefore, in Figure 4 the solid line

gives a fit to the sum of the cross sections for the excitation of these

_levels based on measurements of Zobel et al. (1968). Measurements of

(p,p’ ) reactions to these levels by Kobayashi (1960) at 5.6 MeV and

Crawley and Garvey (1967) at 17.5 MeV coincide with this line, At higher

energies the measurements of (p,p’) reactions by Hornyak and Sherr’(1955)

and Sundberg and Tibell (1969) give lower values, The difference should be

attributed to contributions of spallation lines such as the 7.3 MeV from

15

N, which show up at high energies.

Tﬁe 2,741 MeV line is produced by transitions between the 8,87 MeV level
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to the 6.13 MeV level in 16O (branching ratio 76%). The dashed line in Figure 4
is based on the measurements of Crawley and Garvey (1967) at 17.3 MeV, and

of Austin et al., (1971) between 17 and 45 MeV. The data points are from

Zobel et al. (1968). These data are in agreement with the (p,p’ ) measurements,

The o + 16 cross section is shown by the dashed-dotted line

0=V 6.9247.12
in Figure 4. This line is based on measurements of Corelli et al (1959) at
4.5 MeV/amu, of Harvey et al. (1966) at 10 MeV/amu and of Zobel et al. at

13 MeV/amu.

In the interval 4 to 8 MeV the .nteractions of protons with C produce a
cluster of lines around 6.5 MeV due to deexcitations of excited states in
llC and 11B. These are populated by (p,pn) and (p,2p) reactions which are
known to be important processes leading to spallation. The cross section
for this cluster, as given by Zobel et al. (1968) and Clegg et al. (1961),
is on the average about 1/4 of the cross section for the production of the

~ 5.2-MeV feature from 160 by the same type of reactions. We use this

ratio in our subsequent calculations

I1I. Gamma-Ray Production
W 1. Total Narrow Line Production Rates
The instantaneous reaction rates between energetic protons or
alpha particles and the ambient medium for the processes listed in Table 1

can be written as

q; (@) = n; [ dB o (E)eB N (B)E  (sec™) eN
and

q,@ =0, [ dE g (E)eB N (D)AE,  (sec™), 2)

where n, and o; are the target number density and cross section for
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the particular reaction considered, E and cP are energy per amu and velocity
of the projectiles, and Np(E)dE and N&(E)dE are tne total number of protons
and alpha particles in the interaction region with energies per amu in dE
around E. The instantaneous rates given by equations (1) and (2) are valid
for both the thin and thick target models (e.g. Ramaty et al, 1975). The
reiationships between Np and Na and the source functions of these particles
are different, however, in the two models.

We have evaluated equations (1) and (2) for the cross sections given

in Section II, ambient abundances normalized to 1 H atom cm-3 by the ratios
H:He:C:N:0 = 104:103:3.7:1.2:6.8 (Cameron 1973, except for the He/H ratio)

and for proton and alpha particle spectra of the form

a1 EC'S E<E,
NP(E) = lONa(E) = (s-=1)30 X . (3)

E™S E=E
C

These spectra are normalized such that for EC < 30 MeV/amu and s > 1, the
integral of Np(E) above 30 MeV is unity. We use power-law spectra with low-
energy cutoffs, because, as we shall see below, significant changes in the
gamma-ray spectra are caused by variations in the value of Ec’

The resultant production rates of narrow gamma-ray lines at the
indicated energies are shown in Figure 5 as functions of the spectral index
s and the cutoff energy Ec. The production rates of these narrow lines
are due to the interaction of enargetic protons and alpha particles with
ambient C, N and O, The inverse reactions induced by energetic C, N and O
nuclei leading to broad lines are not included in the curves in Figure 5.

The 4.44 curve of Figure 5 represents the sum of the 4.438 and 4.444-~-MeV
lines listed in Table 1; the 5.2 curve is the sum of the 5.180, 5,298,

5,270 and 5.298 lines; the 6.13 curve represents the 6.129-MeV line; the
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6.2 curve is the sum of the 6,176 and 6.322-MeV lines, but as discussed in
Section IT, the 6,322 line appears to be stronger than the line at 6.176 MeV;
the 6.5 curve is the sum of the 6.337, 6.478, 6.741 and 6.791-MeV lines;
and the 7 line is the sum of the 6,917 and 7.117-MeV lines.

As can be seen from Figure 5, the strongest line in the 4 to 8 MeV
range is at 4.44 MeV. The ratio between its intensity and that of the
next strongest line, at 6.13 MeV, is about 2, independent of s or Ec. The
line at 6.32 MeV and the feature at ~ 5.2 MeV, due to spallation reactions,
are relatively strong for flat particle spectra, but become quite insignificant
for accelerated particles with steep energy spectra.

The curves labelled qp and qa represent the sum of the production
rates of the narrow lines listed in Table 1, due to proton and alpha
particle interactions, qp =3 qi(p) and 4 = Zqi(a). As can be seen,
qp + qy equals to the sum of the production rates of the various lines
shown in this figure.

2. Gamma-Ray Spectra

We proceed now to calculate the spectrum of gamma rays resulting
from the above interactions by taking into account in detail the kinematics
of the interactions. We first discuss the narrow gamma-ray lines resulting
from the direct exéitétion reactions.

Conéider the reaction between a proton or alpha particle of mass my
which is stationary in the

2

frame of the Sun., This reaction leads to an excited nucleus of mass

and energy per amu E, and a target of mass m

m3 = m2~+'€x’ where C is the enefgy of the excited level. The Lorentz

factor (total energy per rest mass energy) of the excited nucleus in
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the center-of-mass (c.m.) frame is given by

N = 2 2 - 2
Yo (ECm +‘m3 ml)/(2m3Ecm)’ 4)
where
_ 2 3
ECm = [(m1+m2) + Zmlm2 E/mp] , (5)

is the total energy in the c.m, frame and mp is the proton mass. 1In
terms of this Lorentz factor and the directional cosine of the excited

*
nucleus in the c.m. irame, Pgs the Lorentz factor and directional cosine

of the excited nucleus in the frame of the Sun are given by

. * ——, K
. - } [ 2_ %2 _1°
Ys Ye Yg Ye 1"‘/Ys 1 Pg (6
* =
= NV v R ———e
Pg [Ys Yo -1 + Yo '\/'y:z—l I-LS]/’\/'YSQ—]“" 7
where
E = 2 2_n 2 :
Ye (Ecm + m,°-m, )/(ZmlEcm) . (8)

is the Lorentz factor of the c.m.
We denote by uy, the cosine of the angle between the gamma ray
and the velocity vector of the excited nucleus in the rest frame of

this nucleus., In the frame of the Sun this directional cosine is

by = (Bg + )/ A+ B, , ©)
where BS =‘v§;531/ys. Taking into account the Doppler effect and the
recoil of the nucleus during photon emission, the gamma ray energy-

is given by

QY = Ae[l—Ae/(ZMcz)}/[Ys(l—Bsuy)], (10)

where Ae is the difference between the energies of the initial and final
states of the transition and M is the mass of the gamma-ray emitting nucleus.

Equation 10 is valid if the gamma ray is emitted while the nucleus is still
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in flight. Only in solids will some nuclei stop before emitting photons. The
astrophysical consequences of this possibility were discussed by Lingenfelter and
Ramaty (1976). Finally, the cosine of the angle between the gamma ray

- and the velocity vector of the projectile is

- —z FTTEd _
T usuy + 41 B V1 by COS(¢S ¢Y)’ (11)

where ¢S—¢Y is the difference between the azimuths of the projectile and

, gamma ray.
%; We use a Monte-Carlo simulation to calculate the energy distribution
of the gamma rays. The distribution of E is determined by the total cross
section as a function of energy and the energy spectrum of the primary
particles, |

The distribution of “s* is determined by the differential cross
section in the c.m. frame. At low energies (£ 10 MeV), where resonances

occur, there are rapid variations of the angular shapes, but on the

average the distributions are ciose to isotropic. At higher energies,

the differential cross“sections are more and more peaked in éhe forward
direction, and hence the excited nuclei are emitted preferentially backward
with respect to the direction of the incoming protons. In order to

account for these effects, we evaluate the differential cross sections

in 4 different regions of energy. Below 12 MeV we assume an isotropic
distribution; between 12 and 20 MeV we use the data of Peelle (1957) at

?v* 15 MeV; between 20 and 60 MeV we adopt the measurements of Dickens et al.
(1963) at 28 MeV; and above 60 MeV we use tﬁe-measurements of Strauch and

;120*4.44

Titus (1956) at 96 MeV. All these data are for 12C(p,p’) reactions.

‘ ‘ .
By examining the corresponding data for the reaction 16O(p,p)l60 6.13

Ba.25 NI
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(Kobayashi 1960, Daehnick 1964, and Austin et al. 1971 we conclude
that, on the average, the shape of the differential cross section of this

]"ZCM*'44 reaction.

reaction is almost the same as that of the 12C(p,p’)

By using a random number generator to evaluate E and “s*’ we can
now calculate, from equations (4), (5), (6) and (8), the energy of the
excited nucleus. The energy of the gamma ray then follows from equations
(9) and (10), where we assume an isotropic distribution of the gamma rays
in the rest frame of the emitting nucleus, The cosine of the angle
between the gamma fay and the projectile, p, can now be calculated by using
equations (7) and (11), where we assume a uniformly distributed random number
for ¢S—¢Y. The knowledge of j, is required only if the projectile velocities
are anisotropic. For isotropic distributions all the gamma rays generated
by the simulation contribute to the spectrum, regardless of the
value of . Héwever, by imposing conditions on p the effects of anisotropic
distributions can be taken into account., For example if the projectile
velocities are uniformly distributed in the hemisphere away from the
observer, only gamma rays with ~l<p<O Eontribute to the spectrum, while if
the:pijéctiles aré confined to the opposite hemisphere, O<ju<l. Hereafter
these anisotropic distributions will be referred to as the down and up
cases, respectively.

In caiculating the shape of the gammaFréyxlines from the spallation processes
of Table 1, we use the same techniques as for thé-difect excitation processes,
except for the following modifications. The‘Loréntz factor Ys* is no longer
a unique function of the incidént energy E, but can have any value up to
a maximum

* * 2 2. 2% |
Y* = vy (Ecm + my®-m, Y@ m3Ecm), (12)

P
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where mg is now the mass, including the excitation energy, of the excited

nucleus and m, is the sum of the masses of all the other particles that

4
emerge from the reaction. Since there is no data on the distributions
of ys* and j, * for these reactions, we have made certain assumptions which
lead to a gamma-ray spectrum consistent with the observations of Goryachev
et al, (1974) who have resolved the 6.32-MeV line of 15N in the bombardment
of 160 with 1 GeV protons. The relatively narrow observed width of this
line in the 1 GeV experiment éannot be due to gamma-ray emission from
nuclei stopped by the target material, because the lifetime of the
6.32-MeV level in 15N is very short (<l;x10_14 sec, De Meijer, Plendl and
Holub 1974). The observations of Goryachev et al. (1974), therefore, imply
that the lSN nuclei are produced with very low velocities in the 1aboratory
frame. This behavior can be simulated by using the same angular distributions
'for the multibody_spailation reactions as for the 2-body direct excitation
processes and by imposing the additional constraints that
Ys* = Ym* for ys* < Yo and ys* = Y for ys* Z Y, . Similar assumptions
were made by Ramaty and Lingenfelter (1969) and Ramaty and Kozlovsky (1974)
for 3He production in multibody processes resulting from proton-alpha particle
_reactions in which very low energy 3He nuclei were produced,

In addition to the narrow lines discussed above, broad gamma-ray lines
are produced by the intefactions of energetic C, N and G nuclei with
ambient H and He. For the evaluation of the shapes of these lines we use
the same formulae as for the narrow lines with some modifications. Iﬁ the
2-body processes my is replaced by m, in equation (4), and ”s* is replaced
—us* in equations.(6) and (7); in the 3-body processes the excited nucleus is

assumed to move with the velocity of the center of mass, B, = VYCQ—l/yc.
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Using the above kinematics and nuclear data, and assuming that the H:He:C:N:0
ratios of the energetic particles are the same as those of the ambient medium,
we have evaluated the gamma-ray spectrum due to both the narrow and broad
components. In Figure 6 we show the results for isotropic particle
distributions with energy spectra characterized by (s=4, Ec=0)’ (s=2, Ec=0)
and (s=2, EC=100 MeV/amu), As can be seen, for steep particle spectra (s=4)
the most prominent lines are at 4,44 and 6.13 MeV, while for flat spectra
(s=2), the spallation lines at 6.32 and ~ 5.2 MeV also become quite noticeable,
The full widths at half maximum (FWHM) of the 4.44 and 6.13 MeV lines
are summarized in Table 2. For s=4 the FWHM's are significantly larger than
for the other cases because for steep particle spectra the lines are produced
predominantly in alpha ﬁarticle interactions in which the excited nuclei have.
larger recoil velocities than in proton interactions. The FWHM's, however,
do not depend strongly on the energies of the primary particles., For s=2
the width of the 4.44 MeV line, for example, is essentially independent of
the cutoff energy ECD For all three values of Ec shown in Table 2, this line
is predominantly due to proton induced interactions. As the energy
of the primary proton increases, the c.m., angular distributions of the
excited nuclei become more and more peaked in the backward direction,
As a result, these nuclei acquire only small recoil velocities even if
the energies of the primary pfotons are lérge. A similar result would hold
for the 6,129-MeV _line, except:that for Ec = 100 MeV, this line is
reffectively broadened‘into a feature of FWHM =~ 120 keV by the contribution

of the 6,17-MeV spallation line.
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Another noteworthy feature of the gamma-ray spectra from alpha particle

induced interactions (s=4 in Figure 6) is the presence of broad features
in addition to marrow lines, In particular, the feature at 4.4 MeV, due

. to the interactions of energetic C nuclei with ambient helium, has a FWHM
of only 500 keV, and hence can be considered as an identifiable broad
gamma-ray line, The absence of such a feature in gamma-ray spectra
resulting from flat particle spectra is due to the higher average energies at
which proton interactions take place, and due to the fact that in interactions

with protons the energetic nuclei suffer less energy loss than in interactions

with helium nuclei.

In Figure 7 we show results for anisotropic particle distributions. As
pointed out by Ramaty and Crannell (1976), if the charged particles are
confined to a hemisphere either away (down) or toward (up) the observer
there should be a Doppler shift of the mean energy of the lines., We also
obtain such éhifts; however, since we have taken into account the angular
distributions of the excited nuclei in the c.m. frames of the reactionms,
we find that the shifts are smaller than those given by Ramaty and Crannell
(1976) who have assumed isotropic angular distributions. For the 6.129 MeV
line, we find in the down case red shifts of about 15 to 20 keV for
accelerated particles with s=2 and a shift of about 30 keV for s=4. TFor the

’ v 4.44 MeV line we obtain red shifts smaller by almost a factor of 2. We
conclude that’such shifts can only be detected with high resolution
detectors and sufficient countiﬁg statistics.

In addition to the shifts of the mean energies of the narrow lines,

anisotropic particle distributions also cause detectable differences

,l in the shapes of the broad lines which appear as underlying continuum

in Figure 7. As we shall see in Section IV below, these differences can be
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studied by comparing the calculated and observed pulse-height spectra
from the solar flare of 1972, August 4,

IV, Discussion and Comparisons with Data

We proceed now to compare the results of our calculations with
observational data from the flare of 1972, August 4, Gamma-ray lines
were detected from this flare by Chupp et al. (1973, 1975), The detector was
flown on 0S0-7 satellite and has been described in detail by Higbie et al. (1973).

1. Comparisons of Pulse-Height Spectra

Figures 8 and 9 show comparisons of the observed pulse-height
spectrum in the energy range from 4 to 8 MeV with calculated pulse-height
spectra. The solid lines represent the pulse-height spectrum from the solar flare
obtained by subtracting the antisolar quadrant counting rates
from those in the solar quadrant. Thé dashed lines represent the calculated
pulse~height spertrum obtained by folding the gamma-ray spectra of Figures
6 and 7 through the detector response. The folding technique is discussed
in the Appendix. The absolute normalizations of the calculated spectra was
determined by minimizing the values of ¥x*® given by

18
Obs calc)zlclcalc’ ‘ » (13)

i=1""1 i

where C Obs'and Cicalc

i are the observed and calculated count rates in

200 keV bins as shown in Figures 8 and 9; The resultant minimal X®'s are
also given in these figures. It is evident from Figure 8 that the calculated
spectrum for s=4 gives avpoor fit to the data. (The possibility that

%2 = 37.6 by chance is less than 0.001). Much better fits are provided

by the spectra for’s=2, Ec=0 and s=2, Ec=100 MeV. By considering

Figures 6 and 8 we see that the poor fit for =4 is caused by the excessive

number of photons around 4.4 MeV. As discussed in Section III, these
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photons are due to the broad feature at 4.4 MeV produced by (v, ) reactions,
As we shall see below, steep particle spectra can also be ruled out
from considerations based on the ratio of the 4 to 8 MeV gamma ray intensity
. to the 2,2~MeV line intensity,
In Figure 9 we compare the data with calculated spectra from particles
with different angular distributions., We see that the isotropic and
up cases give a better fit to the data than does the down case. The isotropic
and up cases are consistent with models whercir the charged particles are
accelerated in a second stage mechanism by upward moving shock waves (Wild, Smerd

and Weiss 1963, Frost and Dennis 1971, Sturrock 1974, Bai andRamaty 1976) ,whereas

the down case would correspond to models in which the gamma rays are produced
by accelerated particles moving downwards into the photosphere., Unfortunately
the data is not sufficiently accurate to completely rule out models in

‘g which the particles are beamed downwards.

:ﬁ A further examination of Figures 8 and 9 reveals that the best

agreements between the observed and calculated spazctra are obtained with

particle spectra that are flat at low energies (Ec=30 and 100 MeV/amu). For

such spectra there is a large contirbution from spallation reactions which

produce the strong line at 6.32 MeV. This line can account, in part, for

the observed counts in the 6.2 to 6.4 MeV bin. We should caution, however,
- ' that at least some of the observed counts in this bin could be due to

6 to 6,2 MeV photons which were shifted into the next higher bin due to

the nonlinearity of the relationship between photon energy and pulse height,

and perhaps due to a slight gain shift of the detector's electronic system.
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2. Total 4 to 8 MeV Photon Fluxes

We proceed now to evaluate the implications of the total number
of photons_in the 4 to 8 MeV region., As discussed above, these photons
are produced both as narrow lines due to proton and alpha particle
interactions, and as broad lines caused by the reactions of energetic
C, N and O nuclei. TFor the compositioné used above (H:He:C:N:0 =

4

10 :103:3.731.2:6.8 for both accelerated particles and ambient medium)

the total 4 to 8 MeV photon production rste is given by
Qg = 2(a+q ), (14)

where qp and q, are plotted in Figure 5. However, some of the solar abun-
dances, in particular that of He in both the energetic particles and the
ambient medium, are not very well known. If we take these abundances as free

parameters, then equation (14) is modified as follows
Qg = 4, [1+20.4(a/p) 1+10q  [1+20.4(He/H) ] (a/p) , (15)

where @/p and He/H are the He to H ratios in the energetic particles

and the ambient medium, respectively., It is also assumed in equation (15)

that in the energetic particles the C to N to O ratios are the same

as those of the ambient medium and that He/(C+N+0) = 42 (Webber et al, 1975).
We have evaluated equation (15) for several values of He/H and «o/p.

The range 0,07 € He/H € 0.1 is consistent with recent measurements (Brown

and Lockman 1975), while the range 0.02 < o/p £ 0.1 takes into account

most of the observed variation of this ratio for solar flares. In‘Figure 10

we plot Q, g as a function of s and E_ for He/H = 0.1 and o/p = 0.05, and

in Table 3 we show the variation of Q4-8 with He/H and o/p for two extreme
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particle spectra, From Table 3 we see that Q4-8 can vary by about a factor
of 2 for very flat spectra, and by about a factor of 5 for very steep spectra,
The significance of these variations will become apparent below,
when we compare the ratio of the 4 to 8 MeV photon flux with the 2,2-MeV
flux,

The 2,2-MeV line is due to neutron capture by protons. Ramaty
et al. (1975) have presented detailed calculations of neutron and
2.2-MeV gamma-ray production in flares. Using their compiled cross
sections, we have evaluated the production rate of neutrons, Qn’ for the
accelerated particle spectra and compositions discussed above. The
results are given in Figure 11 for o/p = 0.05 and He/H = 0.1, The
variation of Qn with o/p and He/ll is summarized in Table 3, The variation
of Qn with o/p and He/H is of about the same magnitude as that of Q4—8'
The ratio Q4—8/Qn’ therefore is almost independent of these parameters.,
From the neutron production rates, Qn’ given in Figure 11 we evaluate
the 2,2-MeV gamma-ray production rate, Q2.2, by using the neutron-to-gamma
efficiencies,.g, given by Ramaty et al. (1975, figure 9). The ratio
Q4-8/Q2.2 is plotted in Figure 12 as a function of s and E, for a/p = 0.05
and He/H = 0.1. From the analysis of the Appendix, the observed 4 to 8 MeV
photon flux for the 1972, August 4 flare was 0.19 +0.02 photons cm-zsul,
while the observed 2,.2-MeV flux was 0,28 +0.02 photons <:rn"2s"1 (Chﬁpp et al.
1975)., These values lead to an observed ratio of 0,68 +0,1 which is
shown‘by the shaded area in Figure 12,

By comparing the observed and calculated ratios of the 4-8 MeV flux
to the 2.2-MeV line flux, we can obtain information on the spectrum of
the charged particles. Before considering this comparison, hqwever, let us

discuss the principal sources of uncertainty in the calculations leading

to the results of Figure 12.
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The error in the nuclear cross sections can be estimated from the paper
of Zobel et al. (1968) who give errors of less than 20% for the most important
lines. Since we consider the sum of the lines in the 4 to 8 MeV range
and since the total cross sections for most of these lines are taken from
Zobel et al. (1968), we feel that the upper limit on the error due to
nuclear cross sections probably does not exceed about 207,

The uncertainties resulting from compositional variation can be
assessed from Table 3, We see that whereas for a given spectrum, Q4-8 and
Qn can both vary by up to a factor of 5, the ratio Q4-8/Qn does not vary
by more than 20% when ¢/p and He/H are allowed to change over their full
assumed range of variability., Compositional uncertainties therefore,
also do not lead to large errors in Q4-8/Q2.2'

Another source of error in the evaluation of Q202 is the abundance
of 3He in the photosphere (Wang and Ramaty 1974). Our calculations are
based on 3He/H = 5x10-5, a value close to that measured in the solar wind.
By decreasing 3He/H arbitrarily to zero, Q4-8/Q2.2 is increased by only
less than a factor of 2, On the other hand, it is unlikely that the
photospheric abundance of 3He is much higher than the solar wind value,
since the 3He abundance has now been measured in prominences
(Hall 1975), and its value there is close to that detected in the
solar wind. We conclude that the photospheric 3He abundance is also not
a major source of error in the calculation of Q4—8/Q2°2'

Potentially, the largest source of error in the determination of
Q[*_g/Qz.2 is the assumed angular distribution of the neutrons which produce
the 2.2-MeV line, This angular distribution should resemble that of

the primary charged particles. Our calculations of Q2 o are based on an
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isotropic angular distribution, If the neutrons move preferentially downward
toward the photosphere, the conversion efficiency, ?; is increased by about
a factor of 2, and Q4-8/Q2.2 decreases accordingly. If, however, the
neutrons move preferentially upward,.f can be decreased by a large factor

and hence Q4—8/Q2.2 is increased by the same factor.

In summary, we find that the values of Q4-8/Q2.2 could possibly be
smaller than those given in Figure 12, but by not more than a factor
of about 2. They could, however, be significantly larger, owing mainly
to the possibility that the neutrons are preferentially moving away from
the photosphere,

By considering now the results of Figure 12, we see that steep particle
spectra are inconsistent with the data. The same conclusion has been
reached earlier from the comparison of the observed and calculated pulse-
height spectra. This conclusion is unmitigated by the above uncertainties
because the lowering of (14_8/Q2.2 by about a factor of 2 allows only
slightly steeper spectra to become consistent with the data. The increase of
Q4-8/Q2.2 due to the possible anisotropy of the neutrons leads to flatter
spectra than those deduced from the nominal conditions of Figure 12. In
fact, because of this uncertainty in Q4-8/Q2.2’ most values of s with
EC = 100 MeV/amu are probably consistent with the observed 4-8 MeV to 2,2 MeV
line ratio, and, furthermore, the values of s deduced for other Ec's should
be considered as upper limits only.

For particle spectra with Ec < 10 MeV/amu, the best value of s is
about 1.9, whereas for Ec = 30 MeV/amu, s = 2,5, We cannot deduce a value
for s for”EC = 100 MeV/amu, but, as we have just discussed; this case

can also be consistent with the data provided that the neutron-to-gamma
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conversion efficiency is smaller by about a factor of 2 to 5 than the

value given by Ramaty et al., (1975) for isotropic particle distributions.
lg For particle spectra which remain unbroken power laws down to energies

lesé than the gamma-ray production threshold energy (Ec = 0), we can set

a stringent upper limit on the value of s, If we allow a maximum uncertainty

of a faztor of 2 in the calculat/-d value of Q4—8/Q2.2’ then for Ec =0, s

should be smaller than 2.5, As’we have seen above (Figure 8), s = 4 with

Ec = o0 gives a yery poor fit to the observed pulse-height spedtrum.

Finally, Q% can estimate the product of the ambient hydrogen
density and thextotal number of protons of energies greater thén 30 MevV,
an(>30 MeV). From the observed 4 to 8§ MeV gamma-ray flux of 0.19

photons cm_zsec_l, an(>30) ai6x1043cm—3, for the nominal cases given above

(s

E
c

1.9, Ec =0 and 5 = 2.5, Ec = 30 MeV/amu). However, since the

It

100 MeV/amu case caﬁ_also give éJTit to the data, an(>30'MeV) could be
as large as 2x1044cm_3. These numbers are in good agreement with those given
by Ramaty et al, (1975) who have calculated an on the basis of the narrow
lines alone,

In summary, the results of sections IV.1 and IV.Z2 are that flat particle
spectra give a much better fit to the observed gamma-ray spectrum that do
steep spectra, that steep spectra produce more total radiation in the 4 to
8 MeV band than observed, and that the entire observed radiation in the
4 to 8 MeV band is probably of nuclear origin in the form of broad and

narrow gamma-ray lines.

3. Upper Limits on the Relativistic Electron-to—Proton Ratio in Flares

The implication of the last conclusion given above is that an upper limit

can be set on the ratio of genuine continuum to line (both broad and



-26~

narrow) emissions in the 4 to B MeV energy band, This limit, in turn, sets
limits con the proton-to-electron ratio., In the discussion below, we take
into account bremsstrahlung only. The inclusion of other radiation
mechanisms (which, however, make only very minor contributions) will only
lower the deduced e/p limit.

In Figure 13 we show the ratio of the differential proton number to the
differential electron number at 10 MeV, Np(lO)/Ne(lO), derived so that
the total amount of bremsstrahlung in the 4 to 7 MeV range equals Q4-8'
It is also assumed that the ambient densities in the interaction regions
of the nuclei aﬁd the electrons are the same. As can be seen, for a wide
range of spectral parameters, solar flares accelerate protons to energies
around 10 MeV much more efficiently than they accelerate electrons to
similar energies. Bai and Ramaty (1976) have arrived at the same conclusion.
Furthermore, these authors have argued that relativistic electrons .and nuclei
of energies » 1 MeV are accelerated in solar flares by a different
mechanism than that which accelerates lower energy (<100 keV) particles. The
flare mechanism which accelerates particles to high energies must accelerate
protons more efficiently than electrons. We should mention that the
accelerator of galactic cosmic rays should have the same property: as for
solar flare particles, the ratio of protons to electrons in galactic
cosmic rays is around 100 (e.g. Meyer, Ramaty and Webber 1974).
V. Conclusions

We have evaluated in detail the production of nuclear gamma rays in
the 4 to 8 MeV regionp"The radiation in this energy band is due to both
narrow lines, produced in the interaction of energetic protons and alpha

particles with ambient material, mostly C and O, and to broad lines
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resulting from thé interactions of energetic C and O nuclei with ambient
H and He,

We have studied in detail the nuclear processes which lead to line
emissions. We find that the 4 to 8 MeV band has the unique property that
it contains almost all the nuclear radiation of the abundant elements C
and 0, but does not receive significant contributions from other nuclei,

This band shows strong lines at 4.44 MeV from 120 and llB, at 6.13 MeV

from 16O, at 6.32 MeV from lSN, and at ~5.2 MeV from 15N and 15O. The

6.13 MeV line is produced by direct excitation reactions, the 4,44 MeV

line is produced by both direct excitation and spallation reactions, and

the 6.32 and 5.2 MeV lines are due to spallation reactions only. Spallation
reactions, in gemeral, make a strong contribution to the gamma-ray spectrum
only if the charged particles have flat energy spectra.

The FWHM's of the narrow lines are almost independent of the energies
of the primary particles. The FWHM's of the 4.44-MeV and 6.13-MeV lines
are about 45 keV and 65 keV respectively, if excited by protons, and
larger by about a factor of 2, if excited by alpha particles. Since for
steep particle spectra, most of the gamma rays are produced by alpha
particle induced reactions, the widths of the lines for such spectra are
significantly larger than the widths obtained for flat spectra.

Thus, the widths of the lines as well as the presence or absence of
lines from spallation reactions could give information on the energy
spectrum of the accelerated particles,

The gamma-ray spectrum is also affected by the angular distribution of
the accelerated charged particles. For example, if the partidles have

velocity vectors confined to a hemisphere either towards or away from

the observer, the narrow lines are shifted upwards or downwards in energy.
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The shift of the mean energy of the 6.13-MeV line, however, is only about
15 keV, a value too small to be resolved by present detectors. The shift
of the 4.44-MeV line is even smaller. On the other hand, the broad lines
undergo much larger shifts which lead to modifications in the gamma-ray
spectra that are observable even with presently available instrumentation.

We have folded the calculated gamma-ray spectra through the response
function of the University of New Hampshire gamma-ray detector flown on 0S0-7,
By comparing the calculated and observed pulse-height spectra, we conclude
that the entire 4 to 8§ MeV spectrum can be attributed to nuclear radiation,
that flat particle spectra produce gamma-ray spectra which fit the data much
better than those produced by steep spectra, and that the data is better
fit if the particles have isotropic or upward-moving angular distributions
than if the particles' velocity vectors are confined to the downward
hemisphere, Since the 1972, August 4 flare was close to the sub-Earth
point on the Sun, the upward or downward hemispheres correspond to those
toward of away from the observer.

Information on the spectrum of the accelerated particles can also be
obtained by comparing the total nuclear radiation in the 4 to 8 MeV region
with the 2.2-MeV line intensity observed from solar flares. We find that
the spectral index of the differential particle number in the 10 to 100 MeV/amu
range cannot be larger than 2.5, since for steeper spectra the 4 to 8 MeV
band would contéin more radiation than observed. This result takes into
account uncéftainties due to the composition of both the accelerated
particleskand the ambient medium, and the abundance of 3Heyinth‘e photo-
sphere. It is not possible, however, to set a lower limit on the spectral

index., Even though very flat spectra produce an overabundance of
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neutrons relative to 4 to 8 MeV photons, this overabundance does not
necessarily lead to an overabundance of 2.2-MeV gamma rays, since the
neutron-to-gamma-ray conversion efficiency decreases with increasing upward
anisotropy of the accelerated particles., .This anisotropy could be studied
by measuring simultaneously the fluxes of 2,2-MeV gamma-rays and solar neutrons.
The fact that essentially all the observed radiation in the 4 to 8 MeV
region from the solar flare of 1972, August 4 is of nuclear origin, sets
upper limits on the electron-to-proton ratio in flares. We find that
at 10 MeV, the ratio between the differential number of electrons

to protons cannot exceed about 0.05.

Acknowledgments

We wish to thank Professor E. L. Chupp for providing the 0SO-7
gamma ray data. Part of the research of A.N.S. was supported by Goddard

contract NAS5-11276 at the University of New Hampshire.



5o i A

¥
5
&
#

- ety

=30~

VI. Appendix

It is well known that when monoenergetic photons in the
energy range from about 0.2 to 20 MeV are incident on a NaI(T4)
detector, the observed pulse-height spectrum consists of a photo-
peak, Compton continuum and, above 1,022 MeV of two annihalation
gamma-ray escape peaks, It is often desirable to convert the
observed Nal pulse-height spectrum into the true gamma-ray spectrum

or visa versa. The problem of converting a measured pulse-height

spectrum into an incident photon spectrum requires detailed information

the detector response function.

The response function of the University of New Hampshire (UNH)
gamma-ray detector was measured for gamma-ray energies of 0.393,
0.662, 1,12, 1,37 and 2,75 MeV (Higbie et al, 1973). Above 1 MeV the
photopeak sensitivity of the detector can be approximated by the
relation

Sph = 10.1 3_0'807 counts cmz/photon, (16)

where € is the energy of the photon in MeV., We have extrapolated
this felation to the 4-8 MeV range because there is no experimental
data above 2.75 MeV, When a flux F of gamma rays of energy € is
incident on the detector for a ;ime £ it causes a photopeak in the
observed spectrum; the numBer of evénts in this peak is given by
Nph = Sptht. '(17)
The UNH gamma-ray detector is shielded by a thick CsI(Na) shield.

The anticoincidence action of the shield reduces the contributions

on
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of the Compton continuum and the annihilation gamma-ray escape
peaks by a factor about 1,5, As a result of the suppression of
the escape peaks, the area under the second escape peak in the
energy range 4 to 8 MeV is negligible., For the UNH gamma-ray detector
the ratio between the area under the first escape peak and the
photopeak was measured at 2.75 and 6.13 MeV. Experimental data
(Heath 1964) and the Monte-Carlo calculations of Berger and Seltzer
(1972) show that this ratio is a linear function of the gamma-ray
energy in the energy range 2 to 8 MeV, We have, therefore, used the
following relation in the energy range 4 to 8 MeV,

Nes/Nph = 0.08c - 0,135, (18)
where Nés is the number of counts in the first escape peak.

Measured pulse-height spectra for gamma-ray energies of 0.66,
1.12, 1.37 and 2.75 MeV were used to calculate the experimental
values of the peak~to-total ratio (Nph/NT)° Here NT is the total
number of counts in the pulse-height spectrum. In the determination
of NT we have approximated the Compton tail and the 'valley £ill'
function by a single rectangular function. Since no experimental
data is available above 2,75 MeV, we have used the Monte-Carlo
calculations of Giannini et al. (1970) to construct the peﬁk—to—
total ratio curve above 3 MeV. Giannini et al (1970) havé calculated
the photopeak and the total detection sensitivities for a 7.6cm x 7.6cm Nal
crystal for gamma-ray energies up to 10 MeV, The Monte-Carlo calculations of
Giannini et al. (1970) were chosen because their calculations give peak-to-total
ratios which are in good agreement with the experimentél data (e.g.

Heath 1964, Misra and Sadasivan 1969)., Above 3 MeV, the peak-to

total ratio for the UNH gamma-ray detector can be represented by
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the relation,
80

= -0.

Knowing N

ph? Nés, and NT’ the number of counts in the Compton

continuum is given by
NC = NT - Nph - Nes' (20)
The relationship between the energy of a gamma ray and the
channel number n of the pulse height analyser is given by a
quadratic formula (P. P. Dunphy, private communication 1973)
€ = K(n+n0)2, (21)
where from ground calibration data n = 80.2. The value of
K can vary due to gain changes in the detector., For the 1972,
August 4 flare period the mean value of K was found to 0.393x10—4.
The procedure adopted to comvert the calculated photon spectrum
in the energy range 4~8 MeV to the pulse-height spectrum is as
follows. The energy range 4-8 MeV was divided into bins of 200 keV
width each, This bin width is chosen to retain the instrumental
resolution width of the detector which is about 140 keV at 5 MeV.
All the photons falling in a given energy bin are considered‘ﬁo have
the mid-bin energy of that bin, Starting from the highest energy
bin, the contribution of the Compton continuum associated with the
counts in this bin was determined for all the bins lower than
this bin. This procedure was repeated for the second bin and so on
down to the last bin. The total Compton contribution for each bin
was then determined by summing up the individual contribution from
bins higher than that bin., Similarly starting frbm the highest

energy bin and working down, the area under the first escape peak

was determined and added to the bin shifted down in energy by
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0.51 MeV from the contributing bin. Finally, the expected number
of counts in each bin was determined by adding the photopeak, Compton
and first escape peak contributions.

It is clear from the foregoing discussion that the counting

rate, due to a flux of photons from a gamma-ray spectrum incident
on the detector, consists of the sum of contributions from photopeak,
first escape peaak and Compton continuum. Using the folding procedure
described above, we have converted several calculated gamma-ray spectra
into pulse-height spectra., From the comparison of these spectra
we find that the relation between the ihcident flux of 4 to 8 MeV

photons (F4-8) and the counting rate (CR) can be expressed as,

C, =R_F = 0,106 F (22)

R F "4-8 4-8°
This relation depends only weakly on the spectral shape of the
accelerated charged particles. For the particle spectra discussed

in this paper, the value of C, does not change by more than 5%

R
of the value given in equation (22).

The observed pulse-height spectrum for the 1972, August 4 event
- was accumulated during the time interval of 91.6 sec. The total
number of counts observed in this time interval was 82+9. Since

the area of the detector is 45cm2, F4-8 = 0.1940.02, This is the

~number that we used in Section IV.2.
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Table 1

Prompt gamma ray lines in the energy range 4 to 8 MeV

Photon Energy
(MeV)

4.438

4.443

5.180
5.241

5.270
5.298

6.129

6.176

6.322

6.337
6.478
6.741
6.791

6.917

7.117

Emission
Mechanism

120%4 439 0 o,

1ipn4 -44s

150*5 '181_'

g .
1 EL%B 242 g.8
0 -

g.S,

1 ‘-‘?N*s 271

-g.5,
zEN*S-ass

~g.s,

160*6 -131_,gos.

150*6'177~g.s.

1EN#E 324,05,

1306 339 0 o,
11 ke ’480—-g.s.
11B*6'743~g.s.
11B*6 '793_.g.s.

16g%6 219 o g,

leg*71de o g,

Production
Processes

Y2c(p,p’)t2Cx
lac(a’a' )izc*
160 p ) 2c*
1*N2p2 )22

12C(p,2p) 2 B*
.ZC(Q’ )ILB*

is 1lpg
14%28’ gllg*

l“3‘0(1>,pn')i‘—°0*
160(“, ) 50*

60(p,2p)? °N*
lao(a’ )...SN*

260 (p,p’ )1E0%
160 (0,0 ) E0*

160('[’"?“)1'50*
160(0 )150*

260(p,2p)* °N*
lGO(a, )15N*

12c(p,pn)tick
12¢(p,pn)tick

12¢(p,2p)* 1 B*

- 12¢(p,2p)  B¥

20 (p,p’ )2e 0%
260(a,of )280%

150 (p,p’ )3E0
160 Q’,d’ )&bo*

Ny
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Table 2

Line Widths of 4.44 and 6.13 MeV Lines

S E. FWHM (keV)
(MeV/amu) 4,44 MevV 6.13 MeV

4 0 110 140

2 0 45 65

2 30 45 65

2 100 50 120
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Table 3

Selected 4-8 MeV Production Rates (photons sec-l Hatom_l) and

Neutron Production Rates (neutrons sec”t Hatom_l)

He/H = 0.07 He/H = 0.1

«/p -8 % U-g %
0.02  2.37x10”18 1.18x107 10 2.38x10" 18 1.39x10710

-18 -16 -18 ~16Ls = 1.5
0.05  3.44x10 1.43x10 3.47x10 1.63x10 E = 30 Yev/am
0.1 5.23x10” 18 1.83x10” 10 5.29x107 18 2.03x10 18
0.02  1.66x10 1 0.92x10~ 12 1.97x10° 12 1.14x10" 12"

- - - Z15% g =
0.05  3.68x1071°  2.12x1071°  4.55x107%° 2.65x107 2] 5 =2

-15 -15 -15 —151 B~ 0
0.1 7.04x10 4.11x10 8.57x10 5.16x1072°
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Figure Captions

1.

Production cross sections for the 4,44 MeV line from 120. Closed
data points — proton induced reactions; open point - alpha

particle induced reactions.

Productiorn cross sections for gamma-ray lines from spallation
reactions on 16O. Closed points - 4,44 MeV gamma rays; open

points - 5.2 MeV gamma rays. The dashed-dotted line is the sum

of the cross sections for the production of the 6,322 and 6.176 MeV
lines.

Cross sections for line éroduction in the 6,1-6.3 MeV range from 16O.
Production cross sections for the 2.74, 6.92 and 7.12 MeV gamma-ray
lines from 1600

Production rates of narrow gamma-ray lines in the 4 to 8 MeV region.
The sum of the production rates of the narrow lines due to proton
(qp) and alpha (qa) particle interactiqns are also shown in this
figure.

Calculated gamma-ray spectra resulting from accelerated charged
particles with isotropic angular distribution.

Calculated gamma-ray spectra resulting from anisotropic partiéle
distributions with energy spectrum characterized by s = 2

and E_ = 30 MeV/amu.

Comparison of the observed pulse-height spectrum from the flare of
1972, August 4 with the calculated pulse-height spectra obtained
from the gamma;ray spectra shown in Figuré 6. We limit the comparison

to the 4-7 MeV range because there were no observed counts above 7 MeV.
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Comparison of the observed pulse-height spectrum from the flare of
1972, August 4, with the calculated pulse~height spectra resulting

from the gamma-ray spectra shown in Figure 7,

10. Q4—8 as a function of s and Ec’ where Q4-8 is the production rate

of photons in the 4 to 8 MeV energy interval. These production
rates are normalized so that for all values of Ec’ including
Ec = 100 MeV/amu, the number of protons with energies greater than

30 MeV is unity.

11, Qn as a function of s and Ec’ where Qn is the production rate of

of neutrons. The normalization of the rates is the same as that

in Figure 10,

12. The Q4—8/Q2.2 ratio, where Q2.2 is the production rate of 2.2-MeV

gamma rays from meutron capture. The shaded area represent the
observed ratio of photons in the 4 to 8 MeV range to the observed

photons in the 2,2 MeV line,

13, Np(lo)/Ne(lO) as a function of the spectral index (Se) of the

accelerated electrons. Np(lO) and Ne(10) are the differential

numbers of protons and electrons at 10 MeV respectively.
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